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(57) ABSTRACT

Error checking in a computing environment at an input/output
(I/0) level 1s facilitated by associating a cyclic redundancy
check (CRC) control element (CCE) with an input/output
(I/0) operation based on a command to perform the I/O
operation of the computing environment. The CRC control
clement 1s used in accumulating during performance of the
I/O operation an accumulated CRC value for the 1/O opera-
tion to facilitate error checking of the I/O operation. By way
of example, the associating and the accumulating of the accu-
mulated CRC value may be performed within an I/O hub of
the computing environment, and where data of the I/O opera-
tion 1s transierred 1n data fragments, the CRC control element
1s updated for each data fragment during the accumulating of

the CRC context for the 1/0 operation.
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1
1/O OPERATION-LEVEL ERROR CHECKING

BACKGROUND

The Peripheral Component Interconnect express (PCle) 1s
a component-level interconnect standard that defines a bidi-
rectional communication protocol for transactions between
input/output (I/O) adapters and host systems. PCle commu-
nications are encapsulated 1n packets according to the PCle
standard for transmission on a PCle bus. Transactions origi-
nating at input/output (I/O) adapters and ending at host sys-
tems are referred to as up-bound transactions. Transactions
originating at host systems and terminating at I/O adapters are
referred to as down-bound transactions. The PCle topology 1s
based on point-to-point unidirectional links that are paired
(e.g., one up-bound link, one down-bound link) to form the
PCle bus. The PCle standard 1s maintained and published by

the Peripheral Component Interconnect Special Interest
Group (PCI-SIG).

Many input/output protocols require end-to-end data pro-
tection, including, for imnstance, FICON®, T11, T10 DIF, etc.
Better data protection could be achieved by moving the gen-
eration and checking closer to the application. Software gen-
eration and checking would be closest to the application, but
could impose performance and CPU utilization penalties.
Existing solutions typically provide the checking offloaded
into the adapter. For instance, a checksum offload may be
provided. However, this has certain deficiencies, including,
the end checking being further from the application. Further,

the adapters available in the industry do not support all check-
ing protocols, such as FICON® Cyclic Redundancy Check

(CRO).

SUMMARY

Shortcomings of the prior art are overcome and additional
advantages are provided through the provision of a system for
facilitating error checking in a computing environment. The
system 1ncludes a memory, and a processing device commu-
nicatively coupled to the memory, wherein the system per-
forms a method including: based on a command to perform an
input/output (I/O) operation of the computing environment,
associating, by an I/O hub of the computing environment, a
cyclic redundancy check (CRC) control element (CCE) with
the I/0 operation; and using, by the I/O hub, the CRC control
clement 1n accumulating with performance of the I/O opera-
tion an accumulated CRC value for the I/O operation to
facilitate error checking of the 1I/O operation.

In another aspect, a method 1s provided for facilitating
error checking 1n a computing environment. The method
includes: based on a command to perform an input/output
(I/0) operation of the computing environment, associating,
by an I/O hub of the computing environment, a cyclic redun-
dancy check (CRC) control element (CCE) with the 1/0
operation; and using, by the I/O hub, the CRC control element
in accumulating with performance of the I/O operation an
accumulated CRC value for the I/O operation to facilitate
error checking of the I/O operation.

In a further aspect, a computer program product 1s provided
for facilitating error checking 1in a computing environment.
The computer program product includes a computer readable
storage medium having program instructions embodied
therewith, the program 1instructions being executable by a
processing device to cause the processing device to perform a
method comprising: based on a command to perform an
input/output (I/0) operation of the computing environment,
associating, by an 1I/0O hub of the computing environment, a
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2

cyclic redundancy check (CRC) control element (CCE) with
the I/O operation; and using the CRC control element in
accumulating with performance of the I/O operation an accu-
mulated CRC value for the I/O operation to facilitate error
checking of the I/0 operation.

Additional features and advantages are realized through
the techmiques described herein. Other embodiments and
aspects are described 1n detail herein and are considered a part
of the claimed aspects.

BRIEF DESCRIPTION OF THE DRAWINGS

One or more aspects are particularly pointed out and dis-
tinctly claimed as examples 1n the claims at the conclusion of
the specification. The foregoing and objects, features, and
advantages of one or more aspects are apparent from the
following detailed description taken 1n conjunction with the
accompanying drawings in which:

FIG. 1 depicts one embodiment of a computing environ-
ment to incorporate and use one or more aspects of the present
imnvention;

FIG. 2 depicts further details of a computing environment
incorporating and using one or more aspects of the present
imnvention;

FIG. 3 1s a schematic of one embodiment of CRC control
clement addressing for CRC value accumulating or comput-
ing, in accordance with one or more aspects of the present
imnvention;

FIG. 4 depicts an exemplary CRC control element (CCE)
usetiul in CRC value generation and checking, in accordance
with one or more aspects of the present invention;

FIG. 5 depicts one embodiment of I/O write command and
CRC control element processing, in accordance with one or
more aspects of the present invention;

FIG. 6 1s a simplified schematic of a computing environ-
ment incorporating and using CRC control element process-
ing, and illustrating data flow for an input/output (I/O) opera-
tion, 1n accordance with one or more aspects of the present
imnvention;

FIG. 7 depicts one embodiment of I/O read command and
CRC control element processing, including error checking, in
accordance with one or more aspects of the present invention;

FIG. 8 depicts one embodiment of I/O operation error-
handling 1n a computing environment with CRC control ele-
ment processing, in accordance with one or more aspects of
the present invention;

FIG. 9 depicts one embodiment of an error-handling pro-
cess using a control element, 1n accordance with one or more
aspects of the present invention;

FIG. 10 depicts one embodiment of a cloud computing
node;

FIG. 11 depicts another embodiment of a cloud computing,
environment; and

FIG. 12 depicts one example of abstraction model layers.

DETAILED DESCRIPTION

In accordance with one or more aspects of the present
invention, a system, method, computer program product for
facilitating 1/0O operation-level error checking 1n a computing
environment are provided. Advantageously, error checking 1s
facilitated by providing I/O operation specific CRC value
accumulating within a processing device of the computing
environment, such as, for instance, with an I/O hub (or
adapter bridge) of the computing environment. The error
checking approach disclosed herein i1s based on defining a
new cyclic redundancy check (CRC) control element (CCE)
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and using the CCE 1n accumulating, for instance, by the I/0
hub, a CRC value for the I/O operation to facilitate error
checking of the I/O operation. The CCE allows accumulation
of the CRC value for the I/O operation notwithstanding that
the data of the operation 1s transferred in fragments, and
notwithstanding that a large number of I/O operations may be
concurrently in process through the I/O hub.

In one or more other aspects of the present ivention, a
system, method and computer program product for facilitat-
ing I/0O operation-level error-handling 1n a computing envi-
ronment are provided. Advantageously, error-handling 1s
tacilitated by providing an I/O operation-specific control ele-
ment, such as the above-summarized CRC control element,
within a processing device of the computing environment,
such as, for instance, an I/O hub (or adapter bridge) of the
computing environment. The error-handling approach dis-
closed herein provides a facility to signal an error sate, and a
type of error for the error of the I/O operation within the
control element, and based on detection of the error, comple-
tion of any uncompleted 1/O requests for the I/O operation
may be blocked, while other 1/O requests for one or more
other I/0 operations between the adapter or adapter function
and the system memory are allowed to continue. In this man-
ner, error-handling 1s 1solated to a specific I/O operation being,
processed between an adapter (or adapter function) and
memory system of a computing environment, while other
concurrently executing I/O operations between the same
adapter (or adapter function) and the memory system of the
computing environment are allowed to proceed without
impact.

One embodiment of a computing environment to 1ncorpo-
rate and use one or more aspects of the present invention 1s
described with reference to FIG. 1. In one example, a com-
puting environment 100 1s a System z® server oflered by
International Business Machines Corporation. System z® 1s
based on the z/ Architecture® ofifered by International Busi-
ness Machines Corporation. Details regarding the z/Architec-

ture® are described 1n an IBM® publication entitled, “z/Ar-
chitecture Principles of Operation,” IBM® Publication No.
SA22-7832-10, Eleventh Edition, March 2015, which 1s
hereby incorporated herein by reference in its entirety.
IBM®, System z®, z/Architecture® and FICON® are regis-
tered trademarks of International Business Machines Corpo-
ration, Armonk, N.Y. Other names used herein may be regis-
tered trademarks, trademarks or product names of
International Business Machines Corporation or other com-
panies.

In one example, computing environment 100 includes one
or more central processing units (CPUs) 102 coupled to a
system memory 104 (a.k.a., main memory) via a memory
controller 106. To access system memory 104, a central pro-
cessing unit 102 1ssues a read or write request that includes an
address used to access system memory. The address included
in the request 1s typically not directly usable to access system
memory, and therefore, it 1s translated to an address that 1s
directly usable 1n accessing system memory. The address 1s
translated via a translation mechanism (XLATE) 108. For
example, the address 1s translated from a virtual address to a
real or absolute address using, for instance, dynamic address
translation (DAT).

The request, including the translated address, 1s received
by memory controller 106. In one example, memory control-
ler 106 1includes hardware, and 1s used to arbitrate for access
to the system memory and to maintain the memory’s consis-
tency. This arbitration 1s performed for requests received
from CPUs 102, as well as for requests received from one or
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4

more I/O adapters 110. Like the central processing units, the
adapters 1ssue requests to system memory 104 to gain access
to the system memory.

In one example, adapter 110 1s a Peripheral Component
Interconnect (PCI) or PCI Express (PCle) adapter that
includes one or more PCI functions. A PCI function 1ssues a
request through a respective adapter port that requires access
to system memory. The request 1s routed to an mput/output
hub 112 (e.g., a PCI hub) via one or more switches (e.g., PCle
switches) 114. In one example, the input/output hub includes
hardware, with one or more state machines. In one or more
embodiments, adapters 110 may couple to a storage area
network cloud 115, which has an associated storage control
unit 117

As used herein, the term adapter includes any type of
adapter (e.g., storage adapter, network adapter, processing
adapter, PCI adapter, cryptographic adapter, other type of
input/output adapters, etc.). In one embodiment, an adapter
includes one adapter function. However, 1 other embodi-
ments, an adapter may include a plurality of adapter func-
tions. One or more aspects of the present invention are appli-
cable whether an adapter includes one adapter function or a
plurality of adapter functions. Moreover, 1n the examples
presented herein, adapter i1s used interchangeably with
adapter function (e.g., PCI function) unless otherwise noted.

The input/output hub 112 may include, for instance, a root
complex 116 that receives the request from a switch 114. The
request includes an input/output address to be translated, and
thus, the root complex provides the address to an address
translation unit 118. This unit may be, for instance, a hard-
ware unit that translates the I/O address to an address directly
usable to access system memory 104.

The request initiated from the adapter, including the trans-
lated address, 1s provided to memory controller 106 via, for
instance, an I/O-to-memory bus 120. The memory controller
performs 1ts arbitration and forwards the request with the
translated address to the system memory at the appropnate
time.

As noted above, 1n one or more aspects, the present inven-
tion provides an I/O operation-level facility for data integrity
context generation and/or checking. In one or more embodi-
ments, the context generation 1s implemented 1n an I/O hub,
such as a PCI adapter bridge host-bridge, of the computing
environment. The approach described herein has numerous
advantages, including: provision of hardware CRC genera-
tion and checking without performance or CPU utilization
impact, and provision of an approach that 1s closer to appli-
cation-level, end-to-end checking, than prior approaches. By
way ol example only, the concepts disclosed herein are
described below 1n the context of a System z® computing
environment. Those skilled 1n the art, however, will under-
stand that the concepts disclosed are applicable to other com-
puting environments, and that the present invention 1s not
limited by the specific example(s) provided herein.

As noted, the I/O operation-level CRC value generation
may be implemented 1n an I/O hub (or host-bridge), and can
support end-to-end operation checking for a given adapter
based, for instance, on the PCI bus and/or function. Note that
in one specific example, the I/O hub may comprise a System
Z® host bridge coupling, for instance, one or more mput/
output adapters to a hardware system area of the computing
environment. The I/O hub may support hundreds of thou-
sands of concurrent I/O operations, each with its own data
integrity generation and checking, while other PCI transac-
tions are also handled without impact. As explained herein,
portions of the PCI address may be used to locate and updat-
ing the end-to-end checking context (for instance, to maintain




US 9,384,086 Bl

S

an accumulated CRC value, byte count, etc.). The checking
approach disclosed herein may interlock with software for
reporting and checking of errors, and allow for 1solation of
errors to a specific I/O operation. Further, special error-han-
dling conditions may be implemented, such as early-end,
misaligned data, etc.

By way of detailed example, a new mode may be added to
an 1/0O hub and selected, for instance, using the PCI bus
number, with a new definition of the PCI address being pro-
vided. The CRC engine disclosed herein has the ability to
cificiently use the PCI address space. In the examples pro-
vided, it 1s assumed that up to 16 adapters may be supported,
and therefore, there may be 16 PCI bus numbers. Further, dual
port adapters may be provided with two function numbers,
function zero and function one. The lowest order function
number bit may select the device table entry patr.

As noted, 1n one or more embodiments, new structures are
defined herein, referred to as CRC control elements (CCEs),
which are distinct from device table entries (DTEs). As
explained further below, CCEs may be 1dentified (at least 1in
part) by a combination of, for istance, the PCI requester 1D
and the PCle address. As 1llustrated 1n FIG. 2, these entries
may be cached 1n the I/O hub 112 1n a CRC control cache
(CCC) 113, which 1s distinct from a device table entry (DTE)
cache 111, which may also be provided within I/O hub 112.
The CRC control elements may be backed 1n system memory
104 1n a CRC control table (CCT) 105, with one CCT being
provided per I/O hub 112. Note that CRC control table 105 1s
distinct from the DTE 103 structure in system memory 104,
as well.

In one or more implementations, each I/O operation to
undergo operation-level error checking may require at least
one CRC control element (CCE). For instance, a read 1/O
operation and a write 1/O operation may each use a single,
associated CCE. Withun an I/0 operation, a single CCE may
be reused when there are multiple CRC tlows.

FIGS. 2 & 3 illustrate one embodiment of CRC control
logic and addressing, 1n accordance with one or more aspects
of the present invention. As illustrated, this logic and address-
ing may be implemented within the I/O hub or, more broadly,
a processing device coupled to the adapters or I/O hub, or
generally, in the I/0 operation tlow path. As 1llustrated 1n the
figures, 1n addition to CCE cache 113, I/O hub 112 may
include content-addressable memory (CAM) logic 120 to
index 1nto the device table to locate a device table entry, and
CRC control table (CCT) lookup logic 122 to facilitate index-
ing nto the CCT to locate a CCE. Additionally, CRC com-
putational logic 123 and CCT base address and DTE base
address logic 125 may be provided.

In the example of FIG. 3, a PCle address 300, or more
generally, an I/0 address, associated with the I/O operation 1s
received on the PCI bus at the I/O hub 112. In one or more
implementations, the PCI bus number (1:7) in the request
identifier (RID) field of the PCI header may be obtained and
compressed to four bits using CCT lookup table 122 (128x4
bits). While allowing up to 16 adapters, 8 adapters per domain
(for 1nstance, two domains during fail over), the logic may
compress the CRC control table address information by a
factor of 8, from 16 MB to 2 MB. As illustrated 1in FIG. 3, the
CCE 1ndex for the system memory address 301 being
assembled may be taken directly from the PCle address bits
13 to 23, and the low-order PCI function number bit 15. Thus,
in one or more examples, 12 bits from the PCle address 300
may be used directly in the system memory address 301 for
the CRC control element lookup. Note that as an alternative,
the CCT lookup table 122 could be eliminated, and the CRC
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the bus number bits 1:7, the function number bit (15), and the
PCI address bits (13:23), in one or more other implementa-
tions.

Once completed, the 48-bit system memory address 301
could be used to access the CRC control table 105 (FIG. 2) 1n

system memory 104 to load 109 (F1G. 3) the CCE in the CCE
cache 113, as depicted. Further, as 1llustrated in FIG. 3, the
4-bit output of CCT lookup 122 may be combined w1th the
PCle function bit (15) and the (13:23) PCle address bits to
check, for instance, via a CCC content-addressable memory
(CAM) logic 121, within or associated with CAM 120 of I/O
hub 112, whether the desired CCE 1s currently in CCE cache
113. Once obtained, the CCE may be updated with current
CRC computations 123 for, for instance, a data fragment of
the I/O operation currently being handled 1n order to continue
accumulating the desired CRC value for the I/O operation.

Note that the PCI address 1n a PCI memory request (DMA)
may be set by firmware 1n the I/O adapter scatter/gather list.
As used herein, firmware includes, for example, the micro-
code, millicode and/or macrocode of the processor. It
includes, for instance, the hardware-level instructions and/or
data structures used 1n 1mplementation of higher-level
machine code. In one embodiment, it includes, for instance,
proprietary code that 1s typically delivered as micro-code that
includes trusted software or microcode specific to the under-
lying hardware and controls operating system access to the
system hardware.

The firmware may have complete control of most of the
bits. In this way, higher-order address bits can be used in one
or more implementations with the following definitions,
wherein in one or more examples, the PCI addresses are each
64 bits. By way of specific example, the PCI address bits may
include:

Storage key (PCI address bits 0:3).

CRC_DMA (PCI address bit 7). This bit controls whether
CRC 1s generated and/or checked for this operation.
Flags (PCI address (PCI address bits 8:9). See further

below.

Skip (PCI address bit 10). On a read operation, this bit tells
the I/O hub to inhibit storing the data into system
memory. It 1s a separate bit to allow 1t to be used with
multiple encodings of the flags.

CRC flow ID (PCI address bits 13:23). Identifies up to 2048
simultaneous CRC flows and their associated CCEs for
cach adapter port.

ID check field (PCI address bits 24:31). In customer
memory addresses, the unused 8 address bits (24:31)

contain an ID which may be compared to an ID check

field supplied 1n the CCE.

Customer memory address (PCI address bits 32:63). 32
bits 1s the minimum required for a 4G transter.

System memory address (PCI address bits 24:63).

By way of example, FIG. 4 1llustrates an exemplary CRC
control element (CCE). In the 1llustrated example, the CRC
control element 1includes the following fields:

Done (D). This bit 1s set by firmware to zero at the begin-
ning of each I/O read or write operation. It 1s set to 1
when all associated data 1s stored 1n system memory, and
all fields 1n the context have been updated.

Error bits.

CRC check. For read operations, the I/O hub compares
the calculated CRC to the recetved CRC. If they are
not equal, an error 1s recognized. Note that the CRC
checking requirement may come from, for instance,
SCSItape CRC support where there are multiple CRC
flows 1n a read operation; otherwise, the firmware

B

could compare the CRC values in the CCE.
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Count underflow (U). This bit may be set when the
working count 1s zero and PCI memory requests
attempt to move additional data to or from system
memory. For PCI memory write requests, the addi-
tional data may be discarded. For PCI memory read
requests, the split transaction may be terminated with
a target abort (DMA read completion).

If a PCI memory request initiates a DMA fetch or store
to system memory that results 1n a storage error (e.g.,
invalid address, protection check, etc.), the error
response bits may be recorded here. In addition, the
failing storage address (zone absolute) may be stored
in words 6-7. For PCI memory write requests, any
additional data received aifter the exception is dis-
carded. For PCI memory read requests, the split trans-
action 1s terminated with a target abort. When any
error bits 1s active, the CCE 1s 1n an error state.

Hardware controls.

Unprocessed byte count. This two bit field specifies the
number of bytes 1n the last 4 bytes field that the CRC
generator has not yet processed.

Working count. This register may be mitialized by firm-
ware. Note that this count does not include the final pad and
CRC, but 1t does include any mtermediate pad and CRC for
PCI memory read requests. The count i1s decremented for
cach byte transferred to or from the I/O hub, with the excep-
tion of CRC control flags=°11"b, as noted in the flags descrip-
tion below. The underflow bit 1s set 1f any PCI memory
request attempts to decrement the count below 0, also as
noted.

Working CRC value. This 1s mitialized to the seed value
either by firmware at the beginning of the operation, or at the
completion of a PCI memory request with CRC
control=10"b. At the end of each PCI memory request (ex-
cept for CRC control="10"b), this field contains the starting
CRC for the next PCI memory request in the operation.

Last 4 bytes. For PCI memory write requests, this field
contains the last 4 data bytes received at the end of the request.
At the end of each read operation, this field will then contain
the CRC value received from the device regardless of whether
the operation ended early or not. For both PCI memory read
and write requests, this field 1s also used to hold residual data
between PCI memory requests for storage alignment pur-
poses. Note that since partial DMA writes may be required,
implementations can also choose to store the residual data 1n

system memory without waiting for the next PCI memory
write request.

Previous CRC value. In general, the I/O hub checks CRC
on read operations except for the early end case. Also, for PCI
memory write requests, this contains the CRC value exclud-
ing the last 4 bytes. This will be the expected CRC value,
which will match the received value 1n the ‘last 4 bytes’ field
for a successtul transter. If the CRC does not match, both the
expected and received values will be used for logging and
debug.

Note: on read operations, the firmware may verify that the
CRC was correct by comparing the ‘last 4 bytes’ and
‘previous CRC’ fields. Alternatively, firmware could
compare the working CRC field with the well-known
constant value for the CRC32 polynomual.

ID check field. Compare this 8 bit field to customer
memory PCI address bits 24:31 1n each PCI memory request.
The value 1s chosen ‘at random’ by the firmware.

ZonelD. Specifies the zonelD for customer memory
access.
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Failing storage address. If any storage errors are encoun-
tered 1n the transfer, these words will contain the address on
which the error was detected.

The firmware may set the tlag bits in the PCI addresses 1n
scatter/gather lists used by the adapter to move data to and
from system memory. In this example, bits 8 and 9 are the flag
bits, and bit 10 1s the skip bit. Multiple PCI memory requests
(DMAs) may be generated by the adapter to move data for a
scatter/gather list segment. Therefore, the flag bits for mul-
tiple PCI memory requests for a particular segment will be the
same. The pad and CRC fields have separate scatter/gather
segments; therefore, their flag bits can be uniquely specified.
Because the PCI memory request payloads for the pad and
CRC segment are not transierred to/from system memory,
PCI address bits 32:61 are arbitrary and can be chosen to
avold crossing a 4K boundary. Thus, these scatter/gather seg-
ments can always use a single PCI memory request.

The following flag definitions may be used.

‘00°b No CRC computation for this transfer.

‘01’b First or intermediate data transier. CRC 1s accumu-
lated across the data fragments 1n the PCI memory request
using the working count and working CRC value.

‘10°b Intermediate CRC transfer. This PCI memory
request will transter O to 3 pad bytes plus the 4 byte CRC
value. For this encode, the PCI memory request payload 1s not
transierred to or from system memory (address translation 1s
not required). The pad bytes are used to compute an interim
CRC value. For PCI memory read requests, the mnterim CRC
value may be sent as the last 4 bytes of the request. After
transierring the interim CRC value, the working CRC 1n the
CCE should be set back to the seed value for subsequent data
transier. For PCI memory write requests, the interim CRC
value 1s then compared with the CRC value 1n the last 4 bytes
of the request. If the two values are equal, the working CRC
value 1s set back to the seed value for subsequent data transfer.
If the two values are not equal, an error bit 1s set 1n the CRC
context, and all data from subsequent requests to the CRC
context 1s discarded. The working count in the CRC contextis
decremented by the number of bytes in the request.

‘11°b Final CRC transfer (read or write operations). This
PCI memory request will transfer O to 3 pad bytes plus the 4
byte CRC value. For this encode, the PCI memory request
payload 1s not transferred to or from system memory (address
translation 1s not required). The working count 1n the CRC
context 1s not decremented, and the working CRC word 1s not
re-loaded with the starting seed. For PCI memory write
requests, at the end of the transier, the working CRC will
contain the standard residual value if the expected and
received CRC wvalues matched. For PCI memory write
requests, this data need not be stored 1nto system memory.

Each CRC control cache entry has control bits indicating 11
the entry 1s full and how many outstanding DMA reads and
writes to the host are pending (no response yet).

A Cast-out 1s when the I/O hub writes an entry from the
cache back to the CCT. Before the hub writes the CCE back
into the CCT, 1t must wait for all outstanding DMA reads and
writes to the host to complete. Normally, the 1I/0 hub will
decrement the outstanding DMA request counter as the host
returns responses until the counter reaches zero.

If the I/O hub continues to send PCI memory requests
while the hub 1s attempting to cast out a CCE, an error may be
detected, as discussed further below.

When a CCE 1s fetched, the 1/O hub needs to observe the
ordering rule that DM A reads from a system memory location
cannot pass DMA writes to the same location. This ensures
that the most recently cast-out CCE 1s re-fetched when
needed.
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Two new operational commands may be provided for sys-
tem firmware to control the CRC hardware.
The ‘cast-out’ command operation 1s described above, and

may be required only for early end read operations. It has a
parameter of the CCE ID. If the entry specified 1s cached, the
I/0O hub stores 1t back into host memory.

The ‘purge all’ command 1s used during nitialization and
recovery.

In one or more implementations, the CRC calculation uses
the working CRC value 1 the CCE. There are two start-up
cases. First, at the very beginning of an I/O operation, the
firmware sets the working CRC value to the CRC Seed.
Second, when an intermediate flow finishes and the CRC
compares equal, the CRC engine reloads the working CRC
value 1n the CCE from the CRC register.

A CRC seed register may be provided in the I/O hub, and
contain the starting CRC seed value. Since the CCE 1s reused
over multiple CRC flows, a seed register 1s desired, and the

[ 1

adapter cannot use the ‘old” working CRC value 1n the CCE
when starting an intermediate CRC tlow. Instead, the CRC
generator 1s restarted from the seed register for each CRC
tlow.

As noted, 1n one or more embodiments, each adapter port
(or PCI function) may have two DTEs called DTEO and
DTE]L. Unlike normal prior art, CRC mode uses one DTE
(DTE1) for all direct customer memory (ak.a., LPAR
MEemory ) accesses.

A single DTE for customer memory reduces cache misses
and saves PCI address bits. However, 1t causes the addition of
zonelDs 1n the CCEs for CRC mode.

In one or more implementations, DTEO may be used for all
accesses to system memory. It works similar to the prior art,
but with a subset of the functions.

Base/limit checking keeps adapter confined to its private

piece of memory.

Address translation 1s always disabled.
MSI control

All MSIs are through DTEO.

All errors while accessing system hardware and MSI pro-
cessing elfectively put the adapter into the error state.
DTEO error state 1s not propagated to DTE]L. The error

will be recognized through code and/or adapter error
status reports.

DTE]1 may be used for all customer memory access, a

single DTE.

DTE1 works mostly like the prior art, but there are a few
exceptions.

Exception 1: The ZonelD comes from the CCE.

ZonelD Altematives; could be 1n the PCI address
(24:31) or PTE (1 :7).

Exception 2: Certain errors no longer cause the DTE to
g0 1nto the error state.

Base/limit checking 1s not required (set to largest window).

All addresses are translated using extended page mode.
The other translation modes are not used and are not
defined 1n CRC mode. DTEI] 1s expected to specily
extended page mode.

Single IOTA (input/output translation address) anchor.

FIGS. 5-7 illustrate examples of 1/O write and read com-

mand processing with CRC accumulation at the I/O operation
level 1n, for 1instance, the I/O hub, 1n accordance with one or
more aspects of the present invention. Note that the I/O opera-
tion-level, CRC value accumulation approach disclosed
herein may be mmplemented via one or more processing
devices, disposed for instance, within the I/O hub, or external
to the I/O hub of the computing environment.

s
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Reterring to FIGS. 5 and 6 collectively, an I/O write com-
mand may be 1ssued or recetved, which will cause 1nitializa-
tion of one or more CRC control elements for the I/O opera-
tion 510. This 1nitialization may include setting the working
count, working CRC value, zone ID, as well as initializing the
done and error fields of the CCE(s). As one example, the I/O
write operation may be commenced as part of a start sub-
channel instruction, wherein an adapter 1s signaled to start
executing a particular I/O operation.

Assuming that the write operation 1s, for instance, an
operation to write a 4K data block 600 (FIG. 6) from an
operating system logical partition (LPAR) 101 to an adapter
110 for, for instance, storage in storage control unit 117 (FIG.
2), the adapter may 1ssue multiple read requests over the PCI
bus to fetch the write data 520 (FIG. §5). For instance, the
adapter may send two DMA reads of 2K each, splitting the 4K
request into two frames. In the PCle address, the flag bits are
set to 01, indicative of a first or intermediate data transfer for
CRC purposes.

Additionally, the adapter may also 1ssue a separate request
to fetch the CRC value for the data transfer 530. By way of
example, the adapter may send a DMA read of 4 bytes 1n
length, with a PCle address having flag bits set to 11, indicat-
ing a final CRC transfer for the write operation.

The I/O hub processes the DMA reads of 2K length with
flag bits set to 01 by fetching the CCE, and while reading the
requested data, accumulating (1.e., updating) the working
CRC field 1n the CCE. The I/0 hub sends the read responses,
and decrements the working count with sending of each read
response 540.

The I/O hub further processes the DMA read of 4 bytes
with flags set to 11. This process includes passing the accu-
mulated CRC values to, for instance, the adapter, for forward-
ing to the storage control umit with the data being written as an
accumulated CRC value for the data 550. The I/O operation 1s
complete 560 with, for instance, the ending status of the CCE
context being, by way of example, done=1, error=0, U=0, and
working count=0.

By way of further detail, when the I/O hub 1s processing the
DMA read requests, the above-discussed PCI address bits
may be used to access the CCE. At the beginning of the I/O
operation, the CCE should not be i the CRC control cache.
The I/O hub fetches the CCE, and i1 the CCC 1s full, another
CCE needs to be caste out, that 1s, stored back to system
memory. As PCI memory read requests are received, the I/O
hub does the following based on fields 1 the CCE, and flags
bits 1n the PCI address.

The done bit 1n the CCE should always be zero, otherwise,

there 1s a design error.

I1 the working count ever goes below zero, the count under-
flow error 1s indicated. This could be a design error or an
undetected error 1n the adapter.

I1 the PCI address flags indicate a first or intermediate data
transier (‘01°b),

The working CRC value 1in the CCE starts the CRC
calculation.

The unprocessed byte count 1n the CCE tells the I/O hub
how many of the last 4 bytes should be used 1n the
CRC calculation.

The CRC calculation ends with the last full data word.
Residual 1, 2, or 3 bytes are leit in the last 4 bytes field
of the CCE.

If the PCI Address Flags indicate an Intermediate CRC
Transter (‘10°b),

—

I'he data 1s not fetched from system memory.
The working CRC value in the CCE starts the CRC
calculation.
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The unprocessed byte count 1n the CCE tells the I/O hub
how many of the last 4 bytes should be used 1n the
CRC calculation.

Note that 1f the unprocessed byte count 1s zero and the
PCI memory read request has a count of 4 (no pad
bytes), no further CRC calculation 1s required.

The PCI address may be largely ignored except for the
lowest order bits for alignment.

Any pad bytes and the generated CRC are sent to the
adapter as the PCI memory read completion payload.

Reinitialize the working CRC value from the CRC seed
register.

If the PCI Address Flags indicate a Final CRC Transier

("11°b),

Follows the same steps as the intermediate CRC transter
(‘10°b), but the CCE 1s always cast-out.

The working count 1s checked to see 11 1t went to zero.

Referring to FIGS. 7 & 6 collectively, an 1/0 read com-
mand may be 1ssued or received, which will cause allocation
and mitialization of one or more CRC control elements
(CCEs) for the IO operation 710. This mitialization may
include setting the working count, working CRC value, zone
ID, as well as mitializing the done and error fields of the
CCE(s). As one example, the I/O read operation may be
commenced as part of a start sub-channel 1nstruction, where
an adapter 1s signaled to start executing a particular I/O opera-
tion.

Assuming that the read operation 1s, for instance, an opera-
tion to read a 4K data block 600 (FIG. 6) from storage 1n a
storage area network cloud 115 to an operating system logical
partition (LPAR) 101, the adapter may 1ssue one or more
write request over the PCI bus to write the read data 720. For
instance, the adapter may send a DMA write of 4K, with a PCI
address having flag bits set to 01, indicative of a first or
intermediate data transfer for CRC purposes. Additionally,
DTE]L, function 0, key=K, CCE=n, address=Block 1, may be
set 1n a PCI address.

Additionally, the adapter may 1ssue a separate request to
transier the CRC value recerved from the storage controller
730. By way of example, the adapter may send a DMA write
ol 4 bytes 1n length, with a PCle address having tlag bits set to
11, indicating a final CRC transter for the write operation.

The I/O hub processes the DMA write of 4K length with
flag bits set to 01 by fetching the CCE, and while writing the
requested data, accumulating (i.e., updating) the working
CRC field i the CCE 740. The working count 1s decre-
mented, and a check 1s made by the I/O hub to ensure the
working count 1s not less than O.

The I/O hub further processes the DMA write of 4 bytes
with flags set to 11. This process may include fetching the
CCE, and checking to ensure that the done b1t=0. The result-
ant, accumulated CRC value may, 1f desired, be compared
with the received CRC value to check for an error 750.
Assuming that the CRC compare 1s good, then the 1/0O opera-
tion 1s complete, and the CCE may be stored to system
memory for reference 760.

By way of further detail, when the IO hub 1s processing a
DMA write request, the above-referenced PCI address may
be used to access the CCE. The requester 1D (bus number and
tfunction number bits) and PCI address bits 13:23 may be used
to access the CCE, as described. At the beginning of the I/O
operation, the CCE should not be i the CRC control cache.
The I/O hub fetches the CCE and 1f the CCC 1s full, another
CCE needs to be cast out, that 1s, stored back to system

memory. As the PCI memory write requests are received, the
I/0 hub performs the following based on fields in the CCE,

and flag bits in the PCI address.
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The done bit in the CCE should always be zero, otherwise,
there 1s a design error.

I1 the working count ever goes below zero, the count under-
flow error 1s indicated. This 1s a design error or an unde-
tected error 1n the adapter.

I1 the PCI address flags indicate a first or intermediate data
transier (‘01°b),

The working CRC value i the CCE starts the CRC
calculation.

The unprocessed byte count 1n the CCE tells the I/O hub
how many of the last 4 bytes should be used 1n the
CRC calculation.

The CRC calculation ends with the last full data word.
Residual 1, 2, or 3 bytes may be left in the last 4 bytes
field of the CCE.

If the PCI address flags indicate an intermediate CRC
transier (‘°10°b),

The data 1s not stored 1n system memory.

The working CRC value i the CCE starts the CRC
calculation.

The unprocessed byte count 1n the CCE tells the I/O hub
how many of the last 4 bytes should be used 1n the
CRC calculation.

Note that 11 the unprocessed byte count 1s zero and the
PCI memory write request has a count of 4 (no pad
bytes), no further CRC calculation 1s required.

Note also that the PCI address 1s largely 1gnored except
for the lowest order bits for alignment.

The received CRC (last 4 bytes) 1s compared to the
calculated or accumulated CRC.

Compare equal: Remitialize the working CRC value
from the CRC seed register. No further action 1s taken.

Compare not Equal: Set error bit in CCE. CCE 1s 1n the

error state. The CCE 1s cast-out to system memory.
If the PCI address flags indicate a final CRC transfer

("11°D).

Follows the same steps as the intermediate CRC transfer
(°‘10°b), but the CCE 1s always cast-out.

The working count i1s checked to see 11 1t went to zero.
This 1s different from the °‘early end’ situation
described below.

The working CRC value may be reinitialized to the CRC
seed register value because the information 1s the
same as the last 4 bytes (1f the CRC compare 1s cor-
rect). No new information 1s provided by not reinitial-
1zing this register.

There may be a situation where a read operation could end
“early.” If neither an intermediate CRC transier nor a final
CRC transter (‘11°b), and a PCI memory write request 1s
received, and the request does not exhaust the byte count and
the operation ends, the I/O hub 1s not aware of the “early end”
condition. In this case, the pad bytes, 1 any, may be stored 1n
customer memory, along with the CRC context. Information
in the CCE can be used by the firmware to complete the
operation. The firmware will see status from the adapter, and
it can force the I/O hub to store the CCE 1nto backing store
using the cast-out command to I/O hub. The firmware may
examine the ‘done’ bit 1n the CCE 1n backing store to see if or
when the hub has updated it.

Further, note that 11 the skip flag 1s on 1n the PCI address,
the above-noted steps may be performed, but the data dis-
carded. For imstance, with the skip flag set on, the CRC will
also be discarded.

As noted initially, 1n one or more further aspects, a system,
method, and computer program product for facilitating 1/0
operation-level error-handling 1n a computing environment
are also provided herein. Advantageously, error-handling 1s
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tacilitated by providing an I/O operation-specific control ele-
ment for indicating an error state of the I/O operation and,
optionally, an error type of the error for the I/0O operation. In
one or more implementations, the control element employed
may be the above-discussed, cyclic redundancy check (CRC)
control element (CCE) used, for instance, 1n the accumulating
a CRC value for an I/O operation to facilitate error checking
of the IO operation.

In accordance with the protocol discussed below 1n con-
nection with FIGS. 8 & 9, based on detection ot an error for an
I/0 operation, the associated control element may be updated
to 1indicate the error state, and 1n one or more embodiments,
the error type. Further, based on detection of the error for the
I/0 operation, completion of any uncompleted I/O requests
tor the I/0 operation are blocked, while other I/O requests for
one or more other I/0 operations between the same adapter
(or adapter function) and the memory of the computing envi-
ronment, are allowed to continue. In this manner, an [/O
operation error 1s 1solated to the I/O operation level, 1n that the
same adapter and memory, or the same adapter function and
system memory, are allowed to continue to process other I/O
operations which may be concurrently in process as the I/O
operation with the 1dentified error state. Note that detection of
the error for the I/O operation may be achieved using any
conventional error detection approach provided within exist-
ing computing environments, such as the above-reterenced
System z® computing environment offered by International
Business Machines Corporation, of Armonk, N.Y. (USA).

By way of example, FIG. 8 depicts a summary of one
embodiment of error-handling in a computing environment,
in accordance with one or more aspects of the present mnven-
tion.

Because the CRC engine may be used for all customer data,
and because data for each operation has to be controlled
separately, this same control point (e.g., CCE) makes isolat-
ing address, key, and memory errors not only practical, but
also straight forward. With this error-handling, the traditional
System z 1/0O Architecture detection and error-handling can
be fully implemented for certain errors, such as direct
memory access (DMA) errors, message signal interrupt
(MSI) errors, and peripheral interconnect (PCI) errors, while
invalid address, key, and/or memory errors (for example,
program errors) may be indicated using a control element
such as disclosed herein.

For mstance, as explained below, for certain errors, such as
invalid address, exceeding a zone limit (1.e., an LPAR
memory space), a key violation, storage, key or cache uncor-
rectable errors, corrupted data, or other low-level rejected
commands, node ID locked, etc., the control element associ-
ated with the I/0O operation may be employed to indicate the
error state, and track the type of error for the computing
environment. Note that this facility may be 1n addition to
handling of errors detected by conventional DTEO processing,
and DTE] processing. Although, as indicated in Table 8, as an
alternative, the control element (e.g., CCE) may be placed 1n
the error state rather than DTE], for certain types of detected
errors, such as a DMA error, MSI error, or PCI error. Note in
this regard, that when the control element indicates an error
state for the associated 1/0 operation, no action 1s necessary
with respect to the DTE1. By avoiding placing DTE] 1nto
error state, then other I/0 requests for one or more other I/O
operations between the same adapter (or adapter function)
and memory for the same LPAR are allowed to continue to
process without effect from the detected 1/O operation error.

By way of further explanation, when an error 1s detected in
accessing customer memory (e.g., an LPAR’s memory), the
single DTE for customer data (DTE1) 1s not always put 1nto
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the error state. Instead, the CCE for the operation may be put
into the error state and updated to include the error informa-
tion. Only certain errors may, in one or more embodiments, be
reported 1n the CCE. For mstance, invalid address, key vio-
lations, and UEs may be included (and zone relation table
(ZRT) limit check), while other errors, such as DMA errors,
MSI errors, and PCI errors, may continue to be reported using
DTEIL.

No new I/O hub error interrupts are required to implement
the control element aspects discussed herein. For read opera-
tions (PCI memory writes), the adapter 1s not aware of any
errors detected by the hub. Firmware needs to examine the
CCE for any error information. In the early end read situation,
firmware also has to see 1f the CRC 1s correct (compare the
last 4 words to the previous CRC); the I/O hub can detect CRC
errors for read operations, as discussed above. For write
operations (PCI memory reads), any errors cause PCI com-
pleter aborts to the adapter. The adapter then signals the error
to the host 1n the status, and the firmware (e.g., memory
subsystem) reads the error information in the CCE. Error
information may be placed into the CCE, and then stored back
into system memory using the cast-out mechanism.

The errors detected by DTEO operations have the following,
behavior.

All of these errors are considered design errors or uncor-
rectable hardware errors, and recovery restarts the
adapter function.

DTEO goes mto the error state, and the entire adapter
function 1s stopped.

Two kinds of errors:

‘Passed’ errors from memory
I/O hub detected errors (base/limit)

No change 1s contemplated to put the corresponding DTE]
into the error state thus blocking all access to customer
memory.

The errors detected by DTE]1 operations have the following,

behavior.

For DTEI1, the present firmware managed mode may use
one DTE for each LPAR, and software errors may cause the
adapter to be recovered for all operations 1n progress for the
LPAR that caused the error. The other LPARSs continue to use
the adapter. In CRC mode, customer memory access errors
have the following behavior.

Many ‘passed’ errors are reported to the firmware through

the CCE. The DTE 1s not put into the error state.

Either all ‘passed’ errors may put the CCE in the error state,
or all but ({or instance) invalid address, key violation, or
uncorrectable errors (UEs) may put DTE] into the error
state.

By way of further example, FI1G. 9 depicts one embodiment
of an error-handling process using a control element, in accor-
dance with one or more aspects of the present invention.

In FIG. 9, an I/O operation 1s mitiated between an adapter
(or an adapter function) and memory 900, such as described
above. The I/O operation may include one or more 1/0
requests to write or read data. During performance of the I/O
operation, an error 1s detected 910, with detection of the error
being by any conventional approach implemented, for
instance, 1 available systems such as the above-referenced
System z® offered by International Business Machines Cor-
poration.

As described above, based on 1ssuance of a command to
perform the nput/output (I/0) operation between, for
instance, the adapter and memory of the computing environ-
ment, a control element (such as the above-described CRC
control element) 1s associated with the I/O operation. Note 1n
this regard that, 1n terms of error-handling, the control ele-
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ment may be the CRC control element, or a separately defined
control element that 1s associated with the I/O operation at 1ts
start. In one or more 1implementations, based on detection of
an error for or during performance of the I/O operation, the
control element 1s updated to indicate an error state and,
optionally, the type of error that has occurred for the I/O
operation, as described above 920. With thus approach, based
on detection of the error for the I/O operation, completion of
any uncompleted I/O requests for the I/O operation are
blocked, while any other I/O requests for one or more other
I/O operations between the same adapter (or adapter func-
tion) and the memory are allowed to continue 930. That 1s, 1n
an environment where there are multiple I/O operations con-
currently being processed between an adapter (or adapter
function) and the memory of the computing environment,
only the I/0 operation with the error 1s affected by the error,
and terminated, while the other I/O operations continue to be
processed without effect. Thus, a customer application within
the computing environment may have multiple concurrent
I/O operations active at a time between a particular adapter

and the memory, while only the I/O operation with the error 1s
affected (1.e., are blocked by the I/O hub once the CCE for that
operation 1s 1n the error state). The other I/O operations for
that customer application (e.g, 1n the same LPAR or different
[LLPARs) are allowed to continue. This 1s distinct from an
approach where the DTE] 1s placed mto error state, terminat-
ing the current I/O operations for that customer application.

The system, such as the memory subsystem, notes the error
state and error type indicated 1n the control element, which as
noted above, may be updated by the I/O hub 940, and using
standard 1nterrupt processing, the customer application
involved with the I/0O operation, may be notified of the error
950.

In one or more implementations, the control element
employed 1n the error-handling described above comprises
the mitially presented cyclic redundancy check (CRC) con-
trol element (CCE) for the I/O operation. Thus, the method
may further include, prior to detection of an error for the I/0O
operation, using the CRC control element 1n accumulating
with performance of the I/0 operation an accumulated CRC
value for the I/O operation to facilitate error checking of the
I/O operation. This accumulating, prior to detection of the
error for the I/O operation, may include performing CRC
calculations for the I/O operation with performance of the I/O
operation to accumulate the accumulated CRC value. For
instance, where data of the I/O operation 1s transierred 1n data
fragments, then prior to detection of the error in the I/O
operation, the CRC control element may be updated for each
transierred data fragment during the accumulating of the
CRC for the I/O operation.

Advantageously, the inventive aspects disclosed herein
extend the prior art by disclosing a protocol-independent
facility for efliciently handling thousands of concurrent
streams, while still providing error 1solation to particular I/O
operations.

Advantageously, the concepts disclosed herein can gener-
ate and/or check CRC values at arbitrary boundaries within
the data stream. The inventive aspects disclosed herein
include managing operation-level CRC, which inherently
saves state mnformation across potentially thousands of con-
current operations, and precisely identifies which of those
operations may have an error. For instance, the concepts
disclosed herein teach generation checking of CRC values for
data streaming across a PCle bus, with potentially thousands
ol concurrent operations being multiplexed across the bus
simultaneously (data 1n tlight).
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One or more aspects may relate to cloud computing.

It 1s understood 1n advance that although this disclosure
includes a detailed description on cloud computing, 1imple-
mentation of the teachings recited herein are not limited to a
cloud computing environment. Rather, embodiments of the
present invention are capable of being implemented 1n con-

junction with any other type of computing environment now

known or later developed.

Cloud computing 1s a model of service delivery for
enabling convenient, on-demand network access to a shared
pool of configurable computing resources (e.g. networks,
network bandwidth, servers, processing, memory, storage,
applications, virtual machines, and services) that can be rap-
idly provisioned and released with minimal management
elfort or interaction with a provider of the service. This cloud
model may include at least five characteristics, at least three
service models, and at least four deployment models.

Characteristics are as follows:

On-demand seli-service: a cloud consumer can unilaterally
provision computing capabilities, such as server time and
network storage, as needed automatically without requiring
human interaction with the service’s provider.

Broad network access: capabilities are available over a
network and accessed through standard mechanisms that pro-
mote use by heterogeneous thin or thick client platforms (e.g.,
mobile phones, laptops, and PDAs).

Resource pooling: the provider’s computing resources are
pooled to serve multiple consumers using a multi-tenant
model, with different physical and virtual resources dynami-
cally assigned and reassigned according to demand. There 1s
a sense of location independence in that the consumer gener-
ally has no control or knowledge over the exactlocation of the
provided resources but may be able to specily location at a
higher level of abstraction (e.g., country, state, or datacenter).

Rapid elasticity: capabilities can be rapidly and elastically
provisioned, in some cases automatically, to quickly scale out
and rapidly released to quickly scale 1n. To the consumer, the
capabilities available for provisioning often appear to be
unlimited and can be purchased 1n any quantity at any time.

Measured service: cloud systems automatically control
and optimize resource use by leveraging a metering capability
at some level of abstraction appropriate to the type of service
(e.g., storage, processing, bandwidth, and active user
accounts ). Resource usage can be monitored, controlled, and
reported providing transparency for both the provider and
consumer of the utilized service.

Service Models are as follows:

Software as a Service (SaaS): the capability provided to the
consumer 1s to use the provider’s applications running on a
cloud infrastructure. The applications are accessible from
various client devices through a thin client interface such as a
web browser (e.g., web-based email). The consumer does not
manage or control the underlying cloud infrastructure includ-
ing network, servers, operating systems, storage, or even
individual application capabilities, with the possible excep-
tion of limited user-specific application configuration set-
tings.

Platform as a Service (PaaS): the capability provided to the
consumer 1s to deploy onto the cloud infrastructure con-
sumer-created or acquired applications created using pro-
gramming languages and tools supported by the provider. The
consumer does not manage or control the underlying cloud
infrastructure including networks, servers, operating sys-
tems, or storage, but has control over the deployed applica-
tions and possibly application hosting environment configu-
rations.
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Infrastructure as a Service (IaaS): the capability provided
to the consumer 1s to provision processing, storage, networks,
and other fundamental computing resources where the con-
sumer 1s able to deploy and run arbitrary software, which can
include operating systems and applications. The consumer
does not manage or control the underlying cloud infrastruc-
ture but has control over operating systems, storage, deployed
applications, and possibly limited control of select network-
ing components (e.g., host firewalls).

Deployment Models are as follows:

Private cloud: the cloud infrastructure 1s operated solely for
an organization. It may be managed by the organization or a
third party and may exist on-premises or ofl-premises.

Community cloud: the cloud infrastructure i1s shared by
several organizations and supports a specific community that
has shared concerns (e.g., mission, security requirements,
policy, and compliance considerations). It may be managed
by the organizations or a third party and may exist on-pre-
mises or off-premises.

Public cloud: the cloud infrastructure 1s made available to
the general public or a large industry group and 1s owned by
an organization selling cloud services.

Hybrid cloud: the cloud infrastructure 1s a composition of
two or more clouds (private, community, or public) that
remain unique entities but are bound together by standardized
or proprietary technology that enables data and application
portability (e.g., cloud bursting for loadbalancing between
clouds).

A cloud computing environment 1s service oriented with a
focus on statelessness, low coupling, modularity, and seman-
tic 1nteroperability. At the heart of cloud computing 1s an
infrastructure comprising a network of interconnected nodes.

Referring now to FIG. 10, a schematic of an example of a
cloud computing node 1s shown. Cloud computing node 10 1s
only one example of a suitable cloud computing node and 1s
not intended to suggest any limitation as to the scope of use or
functionality of embodiments of the invention described
herein. Regardless, cloud computing node 10 1s capable of
being implemented and/or performing any of the functional-
ity set forth hereinabove.

In cloud computing node 10 there 1s a computer system/
server 12, which 1s operational with numerous other general
purpose or special purpose computing system environments
or configurations. Examples of well-known computing sys-
tems, environments, and/or configurations that may be suit-
able for use with computer system/server 12 include, but are
not limited to, personal computer systems, server computer
systems, thin clients, thick clients, handheld or laptop
devices, multiprocessor systems, microprocessor-based sys-
tems, set top boxes, programmable consumer electronics,
network PCs, minicomputer systems, mainframe computer
systems, and distributed cloud computing environments that
include any of the above systems or devices, and the like.

Computer system/server 12 may be described 1n the gen-
cral context of computer system-executable instructions,
such as program modules, being executed by a computer
system. Generally, program modules may include routines,
programs, objects, components, logic, data structures, and so
on that perform particular tasks or implement particular
abstract data types. Computer system/server 12 may be prac-
ticed i distributed cloud computing environments where
tasks are performed by remote processing devices that are
linked through a communications network. In a distributed
cloud computing environment, program modules may be
located 1n both local and remote computer system storage
media including memory storage devices.
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As shown 1n FIG. 10, computer system/server 12 1n cloud
computing node 10 1s shown 1n the form of a general-purpose
computing device. The components of computer systemy/
server 12 may include, but are not limited to, one or more
processors or processing units 16, a system memory 28, and
a bus 18 that couples various system components including
system memory 28 to processor 16.

Bus 18 represents one or more of any of several types ol bus
structures, including a memory bus or memory controller, a
peripheral bus, an accelerated graphics port, and a processor
or local bus using any of a variety of bus architectures. By way
of example, and not limitation, such architectures include
Industry Standard Architecture (ISA) bus, Micro Channel
Architecture (MCA) bus, Enhanced ISA (EISA) bus, Video
Electronics Standards Association (VESA) local bus, and
Peripheral Component Interconnect (PCI) bus.

Computer system/server 12 typically includes a variety of
computer system readable media. Such media may be any
available media that 1s accessible by computer system/server
12, and 1t includes both volatile and non-volatile media,
removable and non-removable media.

System memory 28 can include computer system readable
media 1 the form of volatile memory, such as random access
memory (RAM) 30 and/or cache memory 32. Computer sys-
tem/server 12 may further include other removable/non-re-
movable, volatile/non-volatile computer system storage
media. By way of example only, storage system 34 can be
provided for reading from and writing to a non-removable,
non-volatile magnetic media (not shown and typically called
a “hard drive’). Although not shown, a magnetic disk drive for
reading from and writing to a removable, non-volatile mag-
netic disk (e.g., a “floppy disk™), and an optical disk drive for
reading from or writing to a removable, non-volatile optical
disk such as a CD-ROM, DVD-ROM or other optical media
can be provided. In such instances, each can be connected to
bus 18 by one or more data media interfaces. As will be
further depicted and described below, memory 28 may
include at least one program product having a set (e.g., at least
one) of program modules that are configured to carry out the
functions of embodiments of the invention.

Program/utility 40, having a set (at least one) of program
modules 42, may be stored in memory 28 by way of example,
and not limitation, as well as an operating system, one or more
application programs, other program modules, and program
data. Each of the operating system, one or more application
programs, other program modules, and program data or some
combination thereof, may include an implementation of a
networking environment. Program modules 42 generally
carry out the functions and/or methodologies of embodiments
of the mvention as described herein.

Computer system/server 12 may also communicate with
one or more external devices 14 such as a keyboard, a pointing
device, a display 24, etc.; one or more devices that enable a
user to interact with computer system/server 12; and/or any
devices (e.g., network card, modem, etc.) that enable com-
puter system/server 12 to communicate with one or more
other computing devices. Such communication can occur via
Input/Output (I/O) interfaces 22. Still yet, computer system/
server 12 can communicate with one or more networks such
as a local area network (LLAN), a general wide area network
(WAN), and/or a public network (e.g., the Internet) via net-
work adapter 20. As depicted, network adapter 20 communi-
cates with the other components of computer system/server
12 via bus 18. It should be understood that although not
shown, other hardware and/or software components could be
used i conjunction with computer system/server 12.
Examples, include, but are not limited to: microcode, device
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drivers, redundant processing units, external disk drive
arrays, RAID systems, tape drives, and data archival storage
systems, etc.

Referring now to FIG. 11, illustrative cloud computing,
environment 50 1s depicted. As shown, cloud computing envi-
ronment 50 comprises one or more cloud computing nodes 10
with which local computing devices used by cloud consum-
ers, such as, for example, personal digital assistant (PDA) or
cellular telephone 54 A, desktop computer 34B, laptop com-
puter 34C, and/or automobile computer system 34N may
communicate. Nodes 10 may communicate with one another.
They may be grouped (not shown) physically or virtually, 1n
one or more networks, such as Private, Community, Public, or
Hybrnd clouds as described hereinabove, or a combination
thereot. This allows cloud computing environment 50 to offer
infrastructure, platforms and/or software as services for
which a cloud consumer does not need to maintain resources
on a local computing device. It 1s understood that the types of
computing devices 54 A-N shown 1n FIG. B are intended to be
illustrative only and that computing nodes 10 and cloud com-
puting environment 50 can communicate with any type of
computerized device over any type of network and/or net-
work addressable connection (e.g., using a web browser).

Referring now to FIG. 12, a set of functional abstraction
layers provided by cloud computing environment 50 (FIG.
11) 1s shown. It should be understood 1n advance that the
components, layers, and functions shown i FIG. 12 are
intended to be 1llustrative only and embodiments of the inven-
tion are not limited thereto. As depicted, the following layers
and corresponding functions are provided:

Hardware and software layer 60 includes hardware and
soltware components. Examples of hardware components
include mainirames 61; RISC (Reduced Instruction Set Com-
puter) architecture based servers 62; servers 63; blade servers
64; storage devices 63; and networks and networking com-
ponents 66. In some embodiments, software components
include network application server software 67 and database
software 68.

Virtualization layer 70 provides an abstraction layer from
which the following examples of virtual entities may be pro-
vided: virtual servers 71; virtual storage 72; virtual networks
73, including virtual private networks; virtual applications
and operating systems 74; and virtual clients 75.

In one example, management layer 80 may provide the
functions described below. Resource provisioning 81 pro-
vides dynamic procurement of computing resources and
other resources that are utilized to perform tasks within the
cloud computing environment. Metering and Pricing 82 pro-
vide cost tracking as resources are utilized within the cloud
computing environment, and billing or invoicing for con-
sumption of these resources. In one example, these resources
may comprise application soitware licenses. Security pro-
vides 1dentity verification for cloud consumers and tasks, as
well as protection for data and other resources. User portal 83
provides access to the cloud computing environment for con-
sumers and system administrators. Service level management
84 provides cloud computing resource allocation and man-
agement such that required service levels are met. Service
Level Agreement (SLA) planning and fulfillment 85 provide
pre-arrangement for, and procurement of, cloud computing
resources for which a future requirement 1s anticipated in
accordance with an SLA.

Workloads layer 90 provides examples of functionality for
which the cloud computing environment may be utilized.
Examples of workloads and functions which may be provided
trom this layer include: mapping and navigation 91; software
development and lifecycle management 92; virtual classroom
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education delivery 93; data analytics processing 94; transac-
tion processing 95; and MAIN IDEA 96.

Aspects of the present invention are described herein with
reference to flowchart illustrations and/or block diagrams of
methods, apparatus (systems), and computer program prod-
ucts according to embodiments of the mvention. It will be
understood that each block of the flowchart illustrations and/
or block diagrams, and combinations of blocks 1n the tflow-
chart illustrations and/or block diagrams, can be 1mple-
mented by computer readable program 1nstructions.

These computer readable program instructions may be pro-
vided to a processor of a general purpose computer, special
purpose computer, or other programmable data processing
apparatus to produce a machine, such that the instructions,
which execute via the processor of the computer or other
programmable data processing apparatus, create means for
implementing the functions/acts specified 1in the flowchart
and/or block diagram block or blocks. These computer read-
able program instructions may also be stored 1n a computer
readable storage medium that can direct a computer, a pro-
grammable data processing apparatus, and/or other devices to
function 1n a particular manner, such that the computer read-
able storage medium having istructions stored therein com-
prises an article of manufacture including mstructions which
implement aspects of the function/act specified 1n the tlow-
chart and/or block diagram block or blocks.

The computer readable program instructions may also be
loaded onto a computer, other programmable data processing
apparatus, or other device to cause a series of operational
steps to be performed on the computer, other programmable
apparatus or other device to produce a computer implemented
process, such that the instructions which execute on the com-
puter, other programmable apparatus, or other device imple-
ment the functions/acts specified in the flowchart and/or
block diagram block or blocks.

The flowchart and block diagrams 1n the Figures 1llustrate
the architecture, functionality, and operation of possible
implementations of systems, methods, and computer pro-
gram products according to various embodiments of the
present invention. In this regard, each block in the flowchart
or block diagrams may represent a module, segment, or por-
tion of 1nstructions, which comprises one or more executable
instructions for i1mplementing the specified logical
function(s). In some alternative implementations, the func-
tions noted in the block may occur out of the order noted 1n the
figures. For example, two blocks shown in succession may, 1n
fact, be executed substantially concurrently, or the blocks
may sometimes be executed 1n the reverse order, depending
upon the functionality involved. It will also be noted that each
block of the block diagrams and/or flowchart illustration, and
combinations of blocks 1n the block diagrams and/or tlow-
chart illustration, can be implemented by special purpose
hardware-based systems that perform the specified functions
or acts or carry out combinations of special purpose hardware
and computer nstructions.

In addition to the above, one or more aspects may be
provided, offered, deployed, managed, serviced, etc. by a
service provider who oflers management of customer envi-
ronments. For instance, the service provider can create, main-
tain, support, etc. computer code and/or a computer inira-
structure that performs one or more aspects for one or more
customers. In return, the service provider may receirve pay-
ment from the customer under a subscription and/or fee
agreement, as examples. Additionally or alternatively, the
service provider may recerve payment from the sale of adver-
tising content to one or more third parties.
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In one aspect, an application may be deployed for perform-
ing one or more embodiments. As one example, the deploying
of an application comprises providing computer infrastruc-
ture operable to perform one or more embodiments.

As a further aspect, a computing infrastructure may be
deployed comprising integrating computer readable code into
a computing system, in which the code 1n combination with
the computing system 1s capable of performing one or more
embodiments.

As yet a further aspect, a process for integrating computing
infrastructure comprising integrating computer readable code
into a computer system may be provided. The computer sys-
tem comprises a computer readable medium, in which the
computer medium comprises one or more embodiments. The
code 1n combination with the computer system 1s capable of
performing one or more embodiments.

Although various embodiments are described above, these
are only examples. For example, computing environments of
other architectures can be used to incorporate and use one or
more embodiments. Further, different instructions, instruc-
tion formats, istruction fields and/or instruction values may
be used. Many variations are possible.

Further, other types of computing environments can benefit
and be used. As an example, a data processing system suitable
for storing and/or executing program code 1s usable that
includes at least two processors coupled directly or indirectly
to memory elements through a system bus. The memory
clements 1include, for instance, local memory employed dur-
ing actual execution of the program code, bulk storage, and
cache memory which provide temporary storage of at least
some program code in order to reduce the number of times
code must be retrieved from bulk storage during execution.

Input/Output or I/O devices (including, but not limited to,
keyboards, displays, pointing devices, DASD, tape, CDs,
DVDs, thumb drives and other memory media, etc.) can be
coupled to the system either directly or through intervening
I/0 controllers. Network adapters may also be coupled to the
system to enable the data processing system to become
coupled to other data processing systems or remote printers or
storage devices through intervening private or public net-
works. Modems, cable modems, and Ethernet cards are just a
few of the available types of network adapters.

The terminology used herein 1s for the purpose of describ-
ing particular embodiments only and 1s not intended to be
limiting. As used herein, the singular forms *“a”, “an” and

d
“the” are intended to include the plural forms as well, unless
the context clearly indicates otherwise. It will be further
understood that the terms “comprises” and/or “comprising’,
when used 1n this specification, specily the presence of stated
teatures, integers, steps, operations, elements, and/or compo-
nents, but do not preclude the presence or addition of one or
more other features, integers, steps, operations, elements,
components and/or groups thereof

The corresponding structures, materials, acts, and equiva-
lents of all means or step plus function elements 1n the claims
below, 11 any, are intended to 1include any structure, material,
or act for performing the function in combination with other
claimed elements as specifically claimed. The description of
one or more embodiments has been presented for purposes of
illustration and description, but 1s not intended to be exhaus-
tive or limited to 1n the form disclosed. Many modifications
and variations will be apparent to those of ordinary skill in the
art. The embodiment was chosen and described 1n order to
best explain various aspects and the practical application, and
to enable others of ordinary skill in the art to understand
various embodiments with various modifications as are suited
to the particular use contemplated.
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What 1s claimed 1s:

1. A system for facilitating error checking 1n a computing

environment, the system comprising:

a memory;

a processing device communicatively coupled to the
memory, wherein the system performs a method com-
prising:
based on a command to perform an mput/output (I/0)

operation of the computing environment, associating,

by an I/O hub of the computing environment, a cyclic
redundancy check (CRC) control element (CCE) with
the I/O operation; and

using, by the I/O hub, the CRC control element 1n accu-
mulating with performance of the I/O operation an
accumulated CRC value for the I/O operation to
facilitate error checking of the 1/0 operation.

2. The system of claim 1, wherein the 1/O operation 1s
between an adapter and system memory of the computing
environment, and the I/0O hub of the computing environment
1s coupled between the adapter and the system memory.

3. The system of claim 1, wherein the accumulating com-
prises performing CRC calculations for the I/O operation
with performance of the I/O operation to accumulate the
accumulated CRC value for the 1I/O operation.

4. The system of claim 1, where data of the I/O operation 1s
transierred 1n data fragments and the CRC control element 1s
updated for each data fragment during the accumulating of
the CRC value for the 1/O operation.

5. The system of claim 4, wherein the method further
comprises storing the CRC control element between data
fragments in a CRC control element cache of the I/O hub or 1n
a CRC control table 1 system memory of the computing
environment accessible by the I/O hub.

6. The system of claim 1, wherein the CRC control element
comprises a working count field that tracks data fragments of
the I/O operation, and the method further comprises for each
data fragment, using the working count field of the CRC
control element to determine completion of the CRC value for
the I/O operation.

7. The system of claam 1, wherein the using utilizes a
portion of an I/O address associated with the I/O operation in
identifving the CRC control element with performance of the
I/O operation, wherein the I/O address comprises a PCI
address.

8. The system of claim 1, wherein the method further
comprises in association with receiving one or more requests
for data pursuant to the 1/0O operation, recerving a request to
tetch the CRC value, and responsive to receipt of the request,
tetching the CRC control element for use in accumulating
with performance of the IO operation the accumulated CRC
value.

9. The system of claim 1, wherein the 1/0 operation com-
prises a write operation, and the method further comprises
bundling the CRC value with data written pursuant to the
write operation, the associating, the using and the bundling
being performed by the I/O hub of the computing environ-
ment.

10. The system of claim 1, wherein the I/O operation com-
prises a read operation, and the method further comprises
error checking the accumulated CRC value against a recerved
CRC value associated with data read pursuant to the read
operation, the associating, the using and the error checking
being performed by the I/O hub of the computing environ-
ment.

11. A method of facilitating error checking in a computing
environment, the method comprising:
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based on a command to perform an input/output (I/O)
operation of the computing environment, associating, by
an I/O hub of the computing environment, a cyclic
redundancy check (CRC) control element (CCE) with
the I/O operation; and

using, by the I/O hub, the CRC control element 1n accu-
mulating with performance of the IO operation an accu-
mulated CRC value for the I/O operation to facilitate
error checking of the I/0O operation.

12. The method of claim 11, wherein the I/O operation 1s
between an adapter and system memory of the computing,
environment, and the I/0O hub of the computing environment
1s coupled between the adapter and the system memory.

13. The method of claim 11, wherein the accumulating
comprises performing CRC calculations for the I/O operation
with performance of the I/O operation to accumulate the
accumulated CRC value for the I/O operation.

14. The method of claim 11, where data of the I/O opera-
tion 1s transferred in data fragments and the CRC control
clement 1s updated for each data fragment during the accu-
mulating of the CRC value for the IO operation.

15. The method of claim 14, wherein method further com-
prises storing the CRC control element between data frag-
ments in a CRC control element cache of the /O hub orin a
CRC control table 1n system memory of the computing envi-
ronment accessible by the I/O hub.

16. The method of claim 11, wherein the using utilizes a
portion of an I/O address associated with the I/O operation in
identifying the CRC control element with performance of the
I/O operation, wherein the I/0O address comprises a PCI
address.

17. The method of claim 11, further comprising in associa-
tion with receiving one or more requests for data pursuant to
the I/O operation, recerving a request to fetch the CRC value,
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and responsive to receipt of the request, fetching the CRC
control element for use 1n accumulating with performance of
the I/0 operation the accumulated CRC value.
18. The method of claim 11, wherein the I/O operation
comprises a write operation, and the method further com-
prises bundling the CRC value with data written pursuant to
the write operation, the associating, the using and the bun-
dling being performed by the I/0 hub of the computing envi-
ronment.
19. The method of claim 11, wherein the I/O operation
comprises a read operation, and the method further comprises
error checking the accumulated CRC value against a recerved
CRC value associated with data read pursuant to the read
operation, the associating, the using and the error checking
being performed by the I/O hub of the computing environ-
ment.
20. The computer program product for facilitating error
checking 1n a computing environment, the computer program
product comprising:
A non-transitory computer readable storage medium hav-
ing program instructions embodied therewith, the pro-
gram 1nstructions being executable by a processing
device to cause the processing device to perform a
method comprising:
based on a command to perform an iput/output (I/O)
operation of the computing environment, associating,
by an I/O hub of the computing environment, a cyclic
redundancy check (CRC) control element (CCE) with
the I/O operation; and

using, by the I/O hub, the CRC control element 1n accu-
mulating with performance of the I/O operation an
accumulated CRC wvalue for the I/O operation to
tacilitate error checking of the 1/0O operation.
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